Alumosilicate materials zeolites are widely exploited due to porous structure and ion-exchange properties in several industrial, agriculture and veterinary applications. The mainly used zeolite for medical purposes in animals and humans is the natural zeolite clinoptilolite. Clinoptilolite may be prepared for medical applications by different methods that are usually based on mechanical or tribomechanical processing that increase specific surface area. Different processing procedures are known to cause substantial changes in the physical-chemical properties of the material that may affect biological properties as well. In this paper we therefore, (1) systematically analysed physical-chemical characteristics of three clinoptilolite materials obtained by different production methods and one synthetic zeolite to provide novel evidence on structural differences caused by production methods and (2) evaluated clinoptilolite materials detoxification properties in vitro and in AlCl 3 -intoxicated rats in vivo. We analysed a new clinoptilolite material as well, that was prepared by tribomechanical double micronization and oxygenation. Our results clearly show that each tested clinoptilolite material differs in physicalchemical properties and that these are linked to the production method. Our results add knowledge on toxicology and safety properties of clinoptilolite materials as no aluminium leakage was observed from clinoptilolite materials into the blood or organs of tested animals. Presented results therefore, prove for the first time the efficiency of clinoptilolite in detoxification of aluminium in vivo, provide scientific data on clinoptilolite safety issues and usage for detoxification purposes.
Introduction
Zeolites are aluminosilicates whose structure is an open 3D framework built of silicon (SiO 4 ) and aluminium (AlO 4 ) tetrahedra. These tetrahedra are linked to each other by sharing all the oxygen atoms and due to such three-dimensional organisation regular intra-crystalline cavities and channels of molecular dimensions are present in the material [1] . Zeolites' general formula is (M nþ )x/n [(AlO 2 )x(SiO 2 )y$mH 2 O, where "M" stays for a positively charged metal ion, i.e. cations sodium (Na þ ), potassium (K þ ), magnesium (Mg 2þ ), or calcium (Ca 2þ ). These positively charged metal ions are positioned in the cavities -pores of the aluminosilicate skeleton and are readily exchangeable with other positively charged ions (i.e. heavy metal ion Pb 2þ ) in aqueous solution. This structural characteristic of zeolites is the base of their well-established ion-exchange property exploited in different fields [2] , and is the reason why natural zeolites always come pre-loaded with Earth elements. The main zeolite properties involved in reactions and/or processes of biochemical relevance are: (i) alkaline nature, (ii) cation exchange, (iii) physical sorption and (iv) external surface activity [3, 4] and depending on structure, mineralogical and petrographic features and chemistry, natural zeolites exhibit a series of properties which are directly or indirectly relevant to their applications in medicine. Natural clinoptilolite is the only extensively used zeolite for medical purposes in animals and humans as it is generally considered completely safe and non-toxic [2] . Still, synthetic zeolites, such as for example sodium aluminium silicate (Zeolite A), may also have a place in medicine as well. For example, they can be used as drug delivery systems [5] , medical devices for aflatoxin removal in vivo in animals [6] or for topical applications [7] . Currently, majority of clinoptilolite products for medical usage on the market are milled by mechanical or tribomechanical processing that cause noticeable changes in clinoptilolite material particle size and distribution by a concomitant increase in the specific surface area [8e14] . The micronization process provides potential advantages to the field of medicine as it increases the surface area and bioequivalence [4, 15] .
In particular, it reduces particle size to less than 10 mm which can be achieved by acceleration of particles in different types of mills, i.e. in a mechanical mill, the particle-to-particle collision occurs at velocity 50e150 m per second. In the so called jet mills, micronization is achieved by higher impact velocity between 300 and 500 m per second in a fast gas stream [10] . During micronization, deformations of the material occur and new surfaces appear due to breaking of chemical bonds and movement of particles [8] . Micronization procedures of raw zeolite components under dynamic processing conditions often reffered to as trybomechanical micronization therefore, do not cause chemical changes in the raw materials but lead to new surfaces. In this paper we present data on physical chemical properties of novel clinoptilolite material PMA-O2 and its ion-exchange properties. The aim of the study was to study different micronization procedures that affect the active surface of the material for improvement of clinoptilolite detoxification properties. Indeed, clinoptilolite materials already proved useful in removing heavy metal contamination either from the soil and from contaminated water by ion-exchange [16e18] or from the animal/human body [19e21] . The hypothesis was that different micronization processes may lead to increased surface area and consequently improved or selective adsorption capacities, with special emphasis on aluminium and other heavy metals of interest.
Material and methods

Zeolites
Clinoptilolite materials were provided by Panaceo International Active Mineral Production Gmbh, Austria. Synthetic zeolite A was from A. þ E. Fischer-Chemie (Germany). Natural clinoptilolite (tribomechanically activated zeolite, TMAZ) is micronized by using tribomechanical micronization and PMA (Panaceo Micro Activation) is produced by technology for double activation adopted from WO00/65486 by multiple high-speed particle collision through whirlwinds that are generated by seven circular rows of blades fixed on two counter-rotating discs wherein the counter-rotating discs are arranged such that the particles have to pass all seven circular rows of blades by centrifugal force. The velocity of the blades is 145 m/s. The above described activation process is executed two consecutive times. The PMA-O2 (Panaceo Micro Activation by oxygenation) material and procedure for its preparation is subjected to patent protection (Patent application number: 16 202 000.2). Briefly, self-organisation processes of novel composition PMA-O2 during improved tribomechanical procedure, occurs under non-equilibrium conditions as described for PMA and by addition of pure medical oxygen. The above described activation process by oxygen is executed two consecutive times and is aimed to increase (i) particle temperature and (ii) particle collisions in a pure medical oxygen enriched environment where new surface properties are expected. 
Laser light scattering
Measurement of particle size distribution was performed by dynamic light scattering (DLS) on a ZetaPlus instrument (Brokhaven, NY, USA). Particle size distribution range for this instrument falls between 40 nm and 2.500 mm. Powder samples of zeolites were analysed dispersed in millQ water (mass concentration of tested suspensions was 0.001 g/mL), without addition of surfactants or other dispersing agents. Before measurement of particle size the ultrasonic probe was applied for 5 min to avoid particle aggregation.
BrunauereEmmetteTeller analysis
The specific surface area was determined by nitrogen adsorption/desorption isotherm measurements using a BrunauereEmmetteTeller (BET) analyser TriStar II 3020 (Micromeritics, Norcross, GA, USA). The (BET) specific surface area, SBET, was calculated using the adsorption branch in the relative pressure range between 0.05 and 0.30. Pore size distribution was measured by a mercury porosimeter PASCAL 440 (ThermoQuest 2 Italia, Rodano, Italy) in the range of 0e10 000 nm. Samples with mass of approximately 0.1 g were measured in the dry state. Each sample was measured twice. The measurement uncertainty assessed for the control standard in this measurement set-up was ±3.7%.
NMR measurements
NMR spectra of the solid samples were recorded on an NMR System 600 MHz NMR spectrometer (Agilent Technologies, USA) Al NMR spectra were externally referenced using adamantine, DSS and 1M Al(NO 3 ) 3 , respectively. Samples were spun at the magic angle with 20, 10 and 12.5 kHz during 1 H, 29 Si and 27 Al measurements, respectively. The proton spectra were acquired using a single pulse sequence. Repetition delay in all experiments was 10 s. The number of scans was 4. The pulse sequence used for acquiring silicon spectra was a standard cross-polarization MAS pulse sequence with high-power proton decoupling during acquisition. Repetition delay in all experiments was 3 s and the number of scans was between 2200 and 25 700, depending on the sample. Selective soft 90 pulse, an Rf field of 15 kHz was used to acquire the aluminium spectra. Repetition delay in all experiments was 0.5 s and the number of scans was 5120.
SEM and EDS measurement
SEM images were taken by FE-SEM instrument (JSM-7800F PRIME, JEOL Ltd., Tokyo, Japan). EDS (X-MAX80 Aztec, Oxford instruments, UK) was attached on FE-SEM. Zeolite particles were put on sample holder with carbon paste. Accelerating voltages for SEM and EDS were applied at 2 kV (0.5 kV) and 15 kV respectively. For EDS measurements, 5 different places were selected to estimate reproducibility.
XPS analysis
The XPS spectra were measured with a XPS instrument equipped with the Phoibos MCD 100 electron analyser and a monochromatized source of Al Ka X-rays of 1486.74 eV (SPECS Surface Nano Analysis, Germany). The typical pressure in the UHV chamber during measurements was in the 10 À7 Pa range. The photoemission spectra were analysed using CasaXPS program. Model stomach pH equivalent and small intestine pH equivalent solutionssmall intestine Model stomach pH equivalent and small intestine pH equivalent solutions were prepared by use of HCl and NaCl that are normally present in the human intestine [22] . Final HCl molarity in the stomach model solution (0.08 mol/L) was adjusted not to exceed physiological values. Enzymes and other surfactants were not used for preparation of model solutions as assessment of zeolites' affinity towards heavy-metals in intestine pH equivalent environment was the sole purpose of the study. Model stomach pH equivalent solution was prepared as buffered solution at pH 1.2; 7 mL of 37% HCl and 2 g of NaCl dissolved in 1 L of deH 2 O. Model small intestine pH equivalent solution was prepared as buffered solution at pH 6.5; 8.649 g of NaCl dissolved in 1 L of deH 2 O. For further in vitro experiments, volumetric flasks (200 mL) were filled with 100 mL of deH 2 O and 98 mL of pH model solutions respectively. Blanks were solutions without addition of zeolites (controls). For the zeolites' heavy-metal affinity analysis in vitro, the model solutions were spiked with multi element standard solution to obtain the final concentration of 50 mg/L. Immediately upon mixing, initial metal ions concentrations were assessed by graphite furnace AAS (GF-AAS). In test flasks and blank controls 2 g of tested zeolites (Zeolite A, TMAZ, PMA and PMA-O2) were added, mixed at 37 C for 4 h (expected retention periods in the stomach or in the small intestine) with stirring. The experiments were repeated two times. For GF-AAS analysis, obtained suspensions were centrifuged at 14 000 rpm for 20 min.
Measurement of heavy metal concentrations.
The concentrations of five metals: lead (Pb), cadmium (Cd), chromium (Cr), arsen (As) and nickel (Ni) were analysed by graphite furnace atomic absorption spectrometer. Analytical blanks were prepared and run in the same way as the samples. The model solutions were diluted with deionized water by ratio 1:5 prior to GF-AAS analysis, to minimize the matrix effects and to fit, with the expected recovery concentrations, within linear range of measurements. The concentrations of metals were determined using external standards method. Standards for the instrument calibration were prepared on the basis of single element certified reference solutions. The method for GF AAS was validated using the RTC QC reference material, (water sample), (RT Corporation, Laramie, WY, USA) and LGC reference material (seawater), ( LGC Standards, Manchester, NH, USA). Mean recoveries for Pb, Cd, Cr, As and Ni in water were 94%, 106%, 97%, 95% and 94% respectively, and mean recoveries for Pb, Cd and Ni in seawater were 89%, 90% and 90% respectively. Detection limits for the method were (mg/L): Pb 0,4; Cd 0,03; Cr 0,3; As 0,1; Ni 0,8. All the results are expressed as mean values ± standard deviation. Mercury analyser (AMA254, Leco, St. Joseph, Michigan, USA was used for assessment of mercury (Hg) at wavelength: 254 nm (Mode of measurement: peak area). The method relies on direct burnout of the samples without prior preparation in the stream of oxygen and consequent atomization. The mercury percentage in the sample is assessed by absorption of characteristic emission from the source.
2.3.2.
In vivo study on rats 2.3.2.1. Animals and treatment. Female rats (HsdBrlHan:Wistar, 160e180 g) from the breeding colony at the Institute for Medical Research and Occupational Health in Zagreb were used. Animals were bred and maintained under pathogen-free conditions in steady-state micro environment, and fed with a standard GLP certified food Mucedola 4RF21 (Mucedola, Settimo Milanese, Italy) ad libitum, with free access to tap water and altering 12 h light and dark cycles, in accordance with the Guide for the Care and Use of Laboratory Animals: Eighth Edition (National Academies Press, 2010). Appropriate cage enrichment was provided. All experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC).
Compounds and treatment schedule.
Aluminium chloride (AlCl 3 ; Merck, Darmstadt, Germany) was used as compound for intoxication of animals with aluminium (positive control). Colloidal silica (Ludox AS-40, Sigma-Aldrich chemicals Co., St. Louis, MO, USA) was used as hypothesis-control compound for evaluation of systemic in vivo detoxifying effects of zeolites. Indeed, some systemic zeolite effects in vivo may be due to release of small amounts of soluble silica from the material as hypothesized previously [2] . Aluminium chloride and colloidal silica solutions were freshly prepared daily prior to oral administration (gavage). Aluminium chloride and colloidal silica solutions were administered orally by gavage in a total volume of 1 ml AlCl 3 (100 mg) was dissolved in 1 ml of deionized water, with final aluminium concentration of 23.13 mg/kg b.w [23] . One millilitre of colloidal silica stock solution contained 243 mg SiO 2 [24] . Four different types of zeolites, hypothesized to perform detoxification in vivo, were also administered by gavage as water suspension in a dose of 8 g/kg b.w./day. A total of 60 rats were randomized into 10 groups with six animals per group. The groups were as follows:
The study was carried out for a period of 42 days (6 weeks). Zeolites and colloidal silica were administered orally 1 h after aluminium chloride administration.
Tissue sampling.
At experiment termination, animals were sacrificed by exsanguination under general anaesthesia (Narketan, 80 mg/kg b.m., Xylapan, 12 mg/kg b.m., i.p., Chassot AG, Bern, Switzerland) and blood plasma, kidneys, liver, brain, femur, lungs and ovaries were immediately processed for analysis by ICP-MS as described below.
Inductively coupled plasma mass spectrometry (ICP-MS)
measurement of heavy metal concentrations. Al concentrations in the plasma and organs of animals (lung, brain, liver, kidney, bone and ovaries) were analysed by ICP-MS (Agilent 7500cx Series ICP-MS). About 0.5 g of tissue sample was added to 2 mL of concentrated nitric acid (additionally distilled to remove possible traces of metals) and 1 mL miliQ H 2 O. Mixture in Teflon tube was placed in UltraCLAVE IV device (Milestone S.r.l. Italy) for destruction under microwave radiation and high pressure. After destruction of sample, 6 g of miliQ water (purity: conductivity 0,059 mS/cm) was added and sample were stored in polypropylene tube for measurement on ICP-MS instrument. Standard solutions were prepared from 1.000 mg/L ICP multi element standard solution IV (Merck, Germany). Shape and elemental composition of tested materials were assessed by use of field emission scanning electron microscopy (FE-SEM) in combination with EDS (secondary electron images). The analyses showed specific structural features of clinoptilolites upon micronization. Zeolite A presents typical well-organized surface structure with specific structured ball-like shapes while crystal flake-like structures were present in all tested clinoptilolite materials (Fig. 1) . On the surface of PMA and PMA-O2, finer (smaller) flake-like particles appear while smaller rounded structures different from those observed in Zeolite A were visible only in PMA-O2 (Fig. 1) . The ratios of Si and Al on the zeolite surface assessed by EDS and XPS were significantly different among analysed zeolites and the ratio was higher in favour to Si atoms in PMA and PMA-O2 materials ( Table 1 ). The surface Si/Al ratio changed in tested model stomach and small intestine pH equivalent solutions which was measured by XPS. It grew in favour to Si in the model stomach pH equivalent solution only for TMAZ which might indicate loss of Alions from the surface into the surrounding buffer. Interestingly, opposite effect occurred for PMA and PMA-O2 materials where the ratio increased in favour to Al both in model stomach and small intestine pH equivalent solutions, with a most prominent increase observed for PMA in the model small intestine pH equivalent solution (Fig. 2) . The latter might indicate a loss of Si-ions coming from the surface into the surrounding buffer which might be of biological relevance due to the essential role of Si in living organisms [25] . Any conclusive statement on the observed phenomena would however, require additional dedicated research.
NMR analysis
NMR analysis was performed to assess structural changes in natural clinoptilolite materials obtained by different micronization techniques. The Al-27 and Si-29 NMR spectra of TMAZ and double activated oxygenated natural zeolite PMA-O2 revealed differences, obviously due to oxygenation in the later (Supplementary material). In TMAZ and PMA-O2 the Al-27 NMR spectra showed typical tetrahedral (T) Al signal at 55.87 ppm in the former and at 56.10 ppm in the later, and also in both samples a very week signal at 0 ppm, which belongs to octahedral (O) Al, which is typical for disordered phase. In addition, in Al-27 NMR spectra of TMAZ signal at 14.66 ppm was observed, which is not present in oxygenated sample PMA-O2. However, the slight increase in intensity of (O) Al signal at 0 ppm in PMA-O2 was seen, which is related to structural changes upon oxygenation, i.e. with the increase of disordered phase. In Si-29 NMR spectra of both zeolite samples five Si signals were observed, but in oxygenated sample PMA-O2 intensity of Si signals was changed in comparison to corresponding signals of TMAZ. This reflects the changes of structure around Si atoms upon the oxygenation, as was observed in Al-27 NMR spectra. The comparison of Al-27 and Si-29 NMR spectra of both samples revealed structural changes upon oxygenation in PMA-O2 which is also supported by results of measurements with other techniques, and are related to different properties of these two zeolites.
Zeta potential measurements
Prior to zeta potential measurements, particle size (hydrodynamic radius) of zeolites was determined by dynamic light scattering and the results showed differences between tested materials (Supplementary material, Table 2 ). Zeolite A has the smallest particle size among tested materials. The size of PMA and PMA-O2 particles was smaller in comparison with TMAZ. Zeta potential (z) was calculated from experimentallydetermined electrophoretic mobility using Smoluchowski equation [26] . The values of zeta potential give an indication of the stability of colloidal suspension. In the vicinity of isoelectric point (pH iep ) the electrical charge of the particles is near zero, the electrostatic repulsion diminishes and particles aggregate. The isoelectric point of tested clinoptilolite materials is less than pH iep < 3, particles are negatively charged in the examined pH range from 3 to 11 and no aggregation takes place. The isoelectric point of Zeolite A was found to be around pH iep z 7. The particles are positively charged at pH < 7, and negatively charged at pH > 7 (Fig. 3) . Zeta potential of zeolite particles after addition of Ni 2þ ions was measured as well. TMAZ proved better adsorption potential for Ni-ions in basic environment (Fig. 4) . Average zeta potential upon addition of Ni 2þ ions for clinoptilolite materials in acidic pH relevant for the human intestine in the range from pH 3.2 to pH 6 was z(TMAZ) ¼ À2.1 mV, z(PMA) ¼ À13.9 mV and z(PMA-O2) ¼ À13.3 mV (Fig. 4) . Even though zeta potential values showed higher affinity of TMAZ for Ni ions in comparison with other tested clinoptilolite materials, results of the in vitro study show higher affinity of PMA-O2 for Ni-ions in a reproducible fashion in comparison with PMA and TMAZ ( Table 2) . This is probably due to higher specific surface area of PMA-O2 particles ( Table 3 ) that allow increased adsorption of positive Ni 2þ cations and/or faster ion-exchange process between the surface and pores. It is expected that ion-exchange process occurs for chemically compatible ions, i.e. Ca 2þ ions in clinoptilolite materials might be exchanged with Ni 2þ from the surrounding environment due to similar size and charge. Indeed, XPS analysis of tested zeolites' surface upon incubation in the acidic model stomach and small intestine pH equivalent solutions shows that some physiological ions are being exchanged, inlcuding Ca-ions that than may preferentially allow for entrance of Ni 2þ ions due to similar ions size and charge (Fig. 5 ).
Surface area analysis of zeolite materials
Brunauer-Emmett-Teller (BET) analysis provided evidence on specific surface area evaluation of tested zeolite materials. Zeolite A had the lowest specific surface area (3.2 m 2 g -1 ) while evaluated active surface area for PMA-O2 was increased by factor 1.07 and for PMA by factor 1.02 in comparison with TMAZ (Table 3) which is probably attributable to micronization process and smaller material particles obtained upon micronization. Pore diameter decreased expectedly in PMA and PMA-O2 according to the micronization rate. The largest pores where measured for Zeolite A (Table 3) .
Ion-exchange properties: detoxification potential in vitro
Stability of zeolites in the model stomach and small intestine pH equivalent solutions was first established. For that purpose, pH values were measured in freshly prepared model solutions (Supplementary Table 1 ). Upon addition, an immediate pH values' raise was observed for Zeolite A in the model stomach pH equivalent solution (1 point) and model small intestine pH equivalent solution (1.2 points). Major increase in pH values for Zeolite Atreated model pH equivalent solutions are probably a result of substantial Al 3þ ions release from the zeolite surface which points to its lower stability in acidic environments. For clinoptilolite materials, uniform minor pH changes occurred in the model stomach and small intestine pH equivalent solutions that were lower than 0.5 points. Clinoptilolite materials however increased pH values towards alkaline in water; TMAZ by 1.2 points, PMA by 1.65 and PMA-O2 by 1.62 points. All tested clinoptilolite materials showed ion-exchange capacity for Pb, As, Cr and Ni in acidic model pH equivalent solutions designed to mimic in vivo pH conditions of the intestine upon addition of a multi-metal standard comprising a set of heavy metals ( Table 2 ). All tested zeolites proved efficient in elimination of Pb in the stomach model solution at low pH (pH 1.2) and in removal of Pb, As, and Cr in the model small intestine pH equivalent solution (pH 6.5). In comparison with PMA, PMA-O2 proved slightly better in removal of Ni, Cr and As and in comparison with TMAZ better in removal of Pb and As in the model small intestine pH equivalent solution where TMAZ proved better in removal of Cd cations. It should be noted that a high standard deviation was observed for Ni cation exchange capacity of TMAZ (from very high to moderate) which might be due to some final product variations, i.e. large differences in the particle size and consequently in the active surface area. PMA-O2 on the other side proved very consistent in its capacity to remove up to 30% of Ni ions from a multi-metal environment. Hg was effectively removed from tested multi-metal environment only by Zeolite A.
Ion-exchange properties: detoxification potential in vivo
Analysis of aluminium (Al) detoxification potential was assessed in vivo on healthy Wistar rats. For that purpose, animals were intoxicated upon AlCl 3 sub-chronic exposure regimen. Measured starting aluminium concentrations in the plasma (assumed as physiological) are presented standardly in mg/L and in organs as mg/ kg or mg/kg (Table 4) . Only significant changes in Al-concentration that do not fall into assessed physiological Al concentrations measured in control rats are presented. Intoxication of animals with AlCl 3 expectedly increased Al concentrations in the plasma, liver and bone (Table 5 ). Decreased Al concentrations in the plasma and bone of Al-intoxicated animals were visible in intoxicated animals supplemented with all clinoptilolite materials TMAZ, PMA, PMA-O2 as well as in those animals supplemented with colloidal silica. Contrary, Zeolite A increased Al concentrations in the plasma and bone of intoxicated animals, which is in line with previously determined major leakage of Al ions from the Zeolite A surface in the acidic pH. All tested zeolites effectively decreased Al concentrations in the liver of intoxicated animals, while no significant changes in the liver Al concentrations were observed for colloidal silica-supplemented animals. Increased Al concentrations were observed in the brain of intoxicated animals supplemented with Zeolite A, TMAZ, PMA, and colloidal silica while decreased concentrations were observed in intoxicated animals brains supplemented with PMA-O2. No significant changes for all treatments were observed in lung, kidney and ovaries (data not shown).
Decreased Al concentrations in the plasma and bone of control animals (not intoxicated with AlCl 3 ) were visible upon supplementation with TMAZ, PMA, PMA-O2 and colloidal silica, while Zeolite A supplementation again increased Al concentrations in the plasma (Table 6 ). All tested zeolites and colloidal silica supplementation increased Al concentrations in the liver. Increased Al concentrations were measured in the brain of animals treated with Zeolite A and PMA-O2. Contrary, in the brain of animals treated with TMAZ, PMA, and colloidal silica decreased Al concentrations were measured. No significant changes for all treatments were observed in lung, kidney and ovaries (data not shown).
Discussion
Zeolites are an extremely heterogeneous group of minerals with different chemical and physical properties. The mineral assemblages of some common zeolites in the nature are clinoptiloliteand mordenite-containing tuffs where the zeolite content is high (80% and more) were some accompanying minerals at a lower percentage may include bentonite, cristoballite, calcite, feldspar or quartz. It has been shown that contrary to such crystalline forms, fibre-containing zeolites are harmful for human health as silicate or aluminosilicate fibres induce changes in gene expression involved in cell signalling [27] , i.e. they may activate biomolecules involved in different pathologies including. kinases MAPK, PKC and SAPK [28] or AP1, NFKB proteins and pro-inflammatory cytokines IL-1a, IL-6 and RNF [29] . So far, clinoptilolite is considered as the only safe zeolite material used in medical applications due to its widely documented beneficial effects on animal and human health and performance. The European Food Safety Authority (EFSA) recently released a positive opposition on integrity and safety of natural zeolite clinoptilolite for animals and human consumption as well Table 4 Starting Al concentrations measured in healthy rats' (control) organs and plasma at the beginning of the in vivo experiment that were considered for interpretation of results.
ORGAN
Al concentrations(mg/L for plasma and mg/kg for organs) 
. Moreover, in the year 2013, a study performed by EFSA provided data on lack of toxicity for animal feed in very high doses (10000 mg/kg) due to clinoptilolite extreme chemical and thermal stability [1, 30] . This material is therefore gaining attractiveness in the medical field, is considered biologically neutral, non-toxic [15, 31] and exerts a plethora of positive biological effects described in the scientific literature so far [2] . These biological effects may partially arise from clinoptilolite porous structure and readily exchangeable cations, usually physiological cations such as sodium, potassium or calcium. These balancing cations are easily displaced in aqueous environment by other cations, i.e. metal ions with stronger affinity for the clinoptilolite lattice [32, 33] . It is worth noting that clinoptilolite potential for heavy-metal cations is generally high and proven in the literature for cadmium (Cd), lead (Pb), manganese (Mn), zinc (Zn), chromium (Cr) and arsenic (As). Interestingly, affinity for the ammonium cation (NH4 þ ) is the highest [34e40]. This selective affinity towards contaminants enables applications of great industrial relevance, that include molecular sieving, catalysis [41] and removing of heavy metal contamination from the soil [16] or contaminated waters [18, 42] . The molecule that is definitely preferred by any type of zeolite is H 2 O. This is the main reason why zeolites are hydrated minerals [43] . Due to actuality of clinoptilolite usage in medical applications, i.e. detoxification purposes we systematically investigated different clinoptilolite materials' physical-chemical properties and their detoxification potential in vitro and in vivo. We also investigated a new clinoptilolite material PMA-O2 modified by tribomechanical double micronization and oxygenation. The theoretical internal surface area of clinoptilolite pores that are available for cation exchange is known to be very large and of relevance to observed biological effects of clinoptilolite in animals and humans. It is estimated in the range of 10e300 m 2 /g [44] . Similarly, estimated surface area of zeolites tested in the presented study ranged between 10 and 30 m 2 /g where synthetic Zeolite A had the lowest surface area and PMA and PMA-O2 had 9 to 9.5 times larger areas, respectively. Observed increase of the active area surface correlates with micronization rate and addition of oxygen during the production process. Electronic microscope images substantiate surface changes of tested clinoptilolite materials as well, where TMAZ crystal flake-like structures where visibly larger than those in micronized PMA and PMA-O2, the latter being the only tested clinoptilolite material with small ball-like structures at the surface probably attributable to micronization process with addition of oxygen (Fig. 1 ). Observed reduction in particle size and increased active surface area may greatly influence adsorption and/or ionexchange properties of clinoptilolite and applications in vivo should be therefore, subject to standardization rules concerning either the quality level of the processing procedures or adjustment of treatment regimens [43] . Obtained results in this study prove that specific micronization procedure of clinoptilolite materials PMA and PMA-O2 in comparison with TMAZ material generally led to (1) decreased particle size, (2) increased active surface area (3), changed the Al/Si surface ratio in favour to Si atoms and (4) changed the backbone structure content witnessed by a change in favour to the disordered phase assessed by NMR for the novel material PMA-O2. We therefore pursued on studies aimed to evaluate ion-exchange properties of these materials in vitro and in vivo. Our hypothesis was that micronization does not affect ionexchange capacity due to high stability of the crystal lattice but that physical changes of the material might lead to changes in ionexchange affinity. Generally, the ion-exchange mechanism of aluminosilicates is due to a negatively charged layer surrounding the material that attracts cations. However, application of clinoptilolite in animal or human body involves an acidic pH of the intestine, and we evaluated the ion-exchange capacity in model stomach and small intestine pH equivalent solutions mimicking in vivo pH conditions of the fasten stomach (pH ¼ 1.2) and small intestine (pH ¼ 6.5) with the assumption of clinoptilolite stability at tested pH values [45, 46] . Obtained results show that ion-exchange capacity of clinoptilolite was indeed, not altered by different micronization methods but differences in ion-exchange properties were observed. Results show a high efficacy of all tested zeolites on heavy metal removal in the in vitro model pH equivalent stomach and small intestine solutions upon simultaneous addition of metal cations Pb, Cd, As, Ni, Cr, and Hg. Specifically, all tested clinoptilolite materials showed high affinity for Pb ions at similar rates at low pH in the model stomach pH equivalent solution (Table 2) while only Zeolite A effectively removed other cations from this solution as well. This affinity changed substantially for clinoptilolite materials in the model small intestine pH equivalent solution while Zeolite A was even more effective except for As. In the model small intestine pH equivalent solution therefore, all clinoptilolite materials effectively removed Pb, As, Cr and Ni, while TMAZ was the only clinoptilolite material effective in removal of Cd in a multi-metal environment. PMA-O2 had higher affinity towards Ni cations in comparison with PMA that might be due to smaller material particles of PMA-O2 and increased active negative surface readily available for adsorption and/or cation-exchange. This strong affinity of PMA-O2 towards Ni was highly reproducible while observed TMAZ affinity for Ni varied from high to low among experiments, possibly due to a larger deviation in mean particle size within batches. Interestingly, in a multi-metal environment in vitro, clinoptilolite materials were not effective in removal of Hg that was partially removed only by Zeolite A. We cannot however, rule out clinoptilolite affinity for ion-exchange of Hg which may occur at a lower rate or in an environment with lower concentrations of other metal cations. Indeed, a generally low affinity of clinoptilolite for Hg was assed previously as well [47e49] . Obtained results confirm previously measured high affinity of zeolites towards Pb [50e55] 
and sustain positive effects of zeolites on lead-detoxification of living organisms [56] . but was increasingly present in the model small intestine pH equivalent solution as it seems that it entered into the surface structure from the surrounding buffer. Even though the most active material in cation removal from tested model pH equivalent solutions in vitro was Zeolite A, according to our in vivo results on rats it is not suitable for oral animal or human applications due to release of Al into the blood and organs (Tables 5 and 6 ). The in vivo experiments however proved stability of all tested clinoptilolite materials in the intestine, in particular to possible Al leakage from the materials into the body as no increased Al concentrations were detected in the serum or organs of animals supplemented with clinoptilolite materials. These data was derived from in vivo experiments on rats supplemented with different zeolites without or in combination with sub-chronic exposure regimen to the aluminium salt AlCl 3 . Obtained results clearly prove increased Al concentrations in the plasma and target organs, namely liver and bones of Al-intoxicated animals upon supplementation with AlCl 3 that were markedly decreased in Al-intoxicated animals supplemented with clinoptilolite materials. Interestingly, the same effect was observed in Al-intoxicated animals supplemented with colloidal silica. These results point to a possible correlation of supplemented soluble silica forms, either alone or released from clinoptilolite materials, with the Al status in the organism as hypothesized previously [2] . It was already suggested that silicate ions may be natural ligands for aluminium and that soluble silica forms support natural detoxification process of the body [57, 58] . The detoxifying mechanism would involve reaction of soluble silica with Al 3þ to form hydroxyaluminosilicates (HAS) which then reduce Al bioavailability and toxicity [59] . We assume that a similar effect occurred in the presented study as well. Even though aluminium toxicity is still not fully understood, according to the US Agency for Toxic Substances and Disease Registry aluminum chloride toxicity may include induction of lipid peroxidation, altered enzyme activity, overexpression of hippocampal Ab immunoreactivity, and other biochemical parameters. The same Agency states that aluminium toxic effects may be tackled so far in vivo (rats, mice) by use of strong antioxidants (i.e. vitamin E, vitamin C, selenium) or upon intake of beer (due to its silicon content), centrophenoxine (an anti-aging drug), and the herbal medicines Dipsacus asper Wall extract and Bacopa moniera [60] . Here, we add evidence on a strong usefulness of clinoptilolite materials and soluble silica in fighting Al-intoxication in vivo as well. Interestingly, in healthy animals that were not subjected to AlCl 3 subchronic intoxication regimen, we were also able to observe decreased inherent Al concentration in the plasma and bones of animals treated with clinoptilolite materials or colloidal silica. In the liver of animals supplemented with clinoptilolite materials or colloidal silica, inherent Al concentrations were increased which might be explained by activation of systemic detoxification mechanisms in the body that involve the liver.
Conclusions
Major differences in physical-chemical properties were observed between synthetic Zeolite A and tested clinoptilolite materials TMAZ, PMA and PMA-O2. Moreover, tested clinoptilolite materials had different mean particle size, active surface area and surface Si/Al ratio which may be correlated with the production method involving different micronization procedures. Ionexchange properties included preferential exchange of K þ in the model pH equivalent stomach solution by TMAZ, preferential exchange of K þ by PMA-O2 in the model small intestine pH equivalent solution and preferential exchange of Ca 2þ by PMA and PMA-O2 in the pH equivalent small intestine solution. All tested zeolites performed well in heavy metal removal from a multi-metal environment with Pb, Cd, As, Hg, Cr, Ni cations in vitro. At low pH in the model stomach pH equivalent solution all tested clinoptilolite materials preferentially removed Pb ions at similar rates while zeolite A was the only tested material effective in removal of other cations as well. This affinity changed substantially for clinoptilolite materials in the model small intestine pH equivalent solution where all clinoptilolite materials proved highly efficient in removal Pb, As, Cr and Ni, while TMAZ was the only clinoptilolite material effective in removal of Cd. PMA-O2 had higher affinity towards Ni cations in comparison with PMA that might be due to smaller material particles of PMA-O2 and increased active negative surface readily available for adsorption and cation-exchange. Clinoptilolite materials proved stable in the intestinal tract in vivo as no leakage of Al or accumulation in the plasma and body organs were detected. Moreover, decreased Al concentrations in the plasma, liver and bones of Al-intoxicated animals and plasma and bones of healthy animals were observed in vivo upon supplementation with clinoptilolite materials or colloidal silica. Leakage of Al into the body was observed in vivo only for Zeolite A which points to caution measures in it usage for in vivo applications.
